We examined the spherical equivalent refractions of 237 subjects who had been seen four or more times in a longitudinal study of refractive development in normal children. We employed both photorefraction and autorefraction using a Canon R1 autorefractor. We performed an analysis of variance (F-test for Lack of Fit) to determine the significance of a linear regression in fitting these refractions against three different measures of familial refractive status. One measure included only the number of myopic parents, a second took into account the number of hyperopic parents, and a third included the refractive states of extended genetic relatives. We found no significant correlation between photorefractive data and familial refractions; however, we did find significant, albeit weak, correlations between all measures of familial refractive status and infrared autorefractions of their children. A linear relationship between autorefractive data and overall familial refractive state was found to be most significant. Linear regression of children's autorefractions against a measure of parental myopia and hyperopia was less significant, while a linear model fitting only a measure of parental myopia was least significant, in addition to showing other non-linear trends. We attribute the failure to find a significant correlation between parent and offspring refractions using children's photorefractive data to vignetting by the apparatus and to the short distance of the fixation target. We believe the significant correlation patterns found with the autorefractor reflect the inheritance patterns of parental and familial refractive states.
INTRODUCTION
Myopia in children appears to result from the cumulative effects of axial elongation and an inadequate compensatory decrease in lens thickness, curvature, and possibly refractive index (Zadnik, Mutti, Friedman, Sholtz & Adams, 1993) . Earlier studies have shown that these refractive components undergo the most significant and rapid changes during the first 3 years of life, while excessive or anomalous axial elongation is associated with the second stage of ocular growth, a slower developmental phase lasting from ages 3-15 years (Sorsby, Benjamin & Sheridan, 1961) . Subsequent reports have concluded that most changes in posterior and anterior chamber lengths are completed by the first and second years of life, respectively (Larsen, 1971a, b) . In any case, a normal increase in axial length usually offsets mild hyperopia in young children. This growth pattern is widely accepted and has been termed emmetropization (Sorsby et al., 1961; Mohindra & Held, 1981; Gwiazda, Thorn, Bauer & Held, 1993) . Continuing axial elongation without compensatory reduction of lens power, however, often results in myopia.
The factors which influence ocular development during this period of growth are as yet uncharacterized, although there have been numerous studies supporting hereditary determinants of myopia (Wold, 1949; Sorsby, Sheridan & Leary, 1962; Curtin, 1985; Lin &Chen, 1987; Teikari, O'Donnell, Kapiro & Koskenvuo, 1991; Yap, Wu, Liu, Lee & Wang, 1993; Zadnik, Satariano, Mutti, Sholtz & Adams, 1994) . Twin studies, in particular, have provided strong evidence for the inheritance of myopia. Sorsby et al. (1962) demonstrated greater refractive similarities between monozygotic as compared to dizygotic twins, as did Lin and Chen (1987) in Taiwan, Yap et al. (1993) in Hong Kong, and Teikari et al. (1991) in Finland. Likewise, family pedigrees have shown substantial refractive correlations between parent and offspring (Wold, 1949) . These and other studies, however, often sample from small or selective (often pathological) populations, thus limiting their applicability to the general population. Moreover, they often do not give a picture of the quantitative effect of heredity on refraction. Recently, a study conducted by Zadnik et al. (1994) demonstrated an increased incidence of myopic ocular components in children with two myopic parents. These subjects' eyes were sized and shaped differently even before the onset of refractive error, suggesting a strong 1354 JENNIFER HUI et al. hereditary component in the development of childhood myopia. Their results support the observations of earlier studies (Paul, 1938; as reported in Curtin, 1985; Gwiazda et al., 1993) .
All studies to date have examined only the genetic contribution of familial myopes to childhood myopia, while the possible hereditary effects of related hyperopes have not been studied in detail. Wold, in his familial study (1949) , observed a pedigree in which 10 non-myopic family members failed to alter the dominant inheritance pattern of myopia. Further work in this area, however, has not been carried out.
This study investigates the possible roles of parental hyperopia and myopia in the development of equivalent spherical refractions in a normal, non-pathological population of 237 children. The non-cycloplegic refractions of subjects aged 2-16 years were measured using two methods: orthogonal photorefraction and autorefraction using a Canon R1 autorefractor. These spherical equivalents were independently correlated against three indexes: (1) A Prenatal Myopic Index (PMI) assessing parental myopia exclusively; (2) A Parental Refractive Index (PRI) measuring the presence of myopia and hyperopia in the child's parents, and (3) A Familial Refractive Index (FRI) assessing the prevalence of refractive error in the subject's immediate genetic relatives. An F-test for Lack of Fit was performed to analyze the significance of a linear predictive model in regressing each index against childhood refraction. Our results revealed that the most significant linear relationship occurred between the FRI and childhood refraction, while linear correlations between refraction and the PRI and PMI indexes were less significant. In addition, analysis using the PMI index exhibited other, non-linear trends.
MATERIALS AND METHODS

Subject selection
Subjects participating in Cornell University's Infant Vision Project (IVP), a 14-year longitudinal study on childhood refraction, were solicited by letter from published birth announcements of infants born in Tompkins County, N.Y. Approximately 8% agreed to participate; these subjects were resolicited on a yearly basis until lost by change of address. Parents or guardians of the subjects provided informed consent before each testing session.
The refractive states of each subject's parents and genetic relatives were assessed or reviewed through verbal interview before each session and recorded as myopic or hyperopic as determined by their use of corrective lenses. In some cases parents' spectacles could be examined and classified directly, or the reporting parent was able to state with certainty whether a relative was myopic or hyperopic. Otherwise, the nature of the ametropia was deduced by questioning whether or not the spectacles were used continuously, and at what age the relative began wearing the prescription. Persons who wore spectacles continuously before the age of 45 were classified as myopic unless the prescription was given in response to early strabismus, when it was assumed to be a hyperopic correction. Persons who began wearing spectacles over the age of 45 were assumed to be presbyopic. In most cases, one parent provided refractive data for the entire family. Emmetropia was recorded only in parents because of database size limitations. However, this potentially near infinite set of missing data only affects our analyses minimally due to the nature of the indexes.
To provide an appropriate starting age and to ensure the reliability of familial history data, only subjects participating in IVP for 4 years or more were tested. This provided a population of 237 subjects four years old or older (mean age 7.6+_3.1 yr), an age group which had completed the rapid, infantile stage of ocular development. The latest refraction of each subject was used for analysis because it presented the most representative estimate of childhood refraction after this stage of ocular growth.
Techniques
Photorefraction. A series of photoretinoscopic, isotropic and orthogonal photorefractive photographs were taken of each subject; details of these techniques are given elsewhere (Howland & Howland, 1974; Howland, Braddick, Atkinson & Howland, 1983; Howland, 1985) . A Canon R1 autorefractor was also used independently to determine the non-cycloplegic refractions of 155 children who returned for visits after 1990, when the technique was first introduced to the study's protocol. Static photoretinoscopy and isotropic photorefraction were used to determine the sign of defocus and the axis of astigmatism, while orthogonal photorefraction with axes at 0°/90 ° and 45°/135 ° was used to determine the magnitude of meridional defocus. It is important to note that the orthogonal photorefractor which was used to quantify defocus was constructed of positive cylinder lenses. This results in a "dead zone" wherein approximately 0.5 D of myopic defocus relative to the camera is not detected. Children were photographed 1.5 m from the camera, either seated alone or on a parent's lap. Photographs were taken on color slide film (Ektachrome-400 ASA; Kodak, Rochester, N.Y.) when the subject obtained eye contact with the photographer, ensuring a close correlation between the refracted axis and the subject's visual axis. The photographs were projected at 20-diameters magnification onto a digitizing tablet of a microcomputer, where lengths of the cross arms are proportional to a function of the subject's pupil size and the amount of defocus in that axis. These lengths were converted into dioptric defocus relative to the camera. The equivalent spheres from both eyes of each subject were averaged to provide a better estimation of the child's overall refractive state than would be given by using a single eye.
Autorefraction. Subjects were seated at a Canon R1
Autorefractor at a distance of 4 m from an illuminated target (a cartoon poster). Three to five measurements were made of each eye and the results averaged using an orthogonal system for expressing the prescription. The method of averaging prescriptions was essentially the same as that outlined by Thibos, Wheeler and Homer (1994) . Spherical equivalents were computed using the sphere plus half the cylinder, and again, the results from both eyes of each subject were averaged to provide a refractive estimate.
Parental Myopic Index
Following the recent work of Zadnik et al. (1994) , which demonstrated a positive association between parent and offspring myopia, a Parental Myopic Index (PMI) was constructed in an attempt to investigate the study in further detail. Myopic parents were assigned a value of +0.5, while hyperopic parents and all other family members were excluded from this index. Thus, the PMI consisted of either 0, +0.5, or I, representing children with neither, one, or both parents myopic, respectively.
Parental Refractive Index
A second index was constructed to investigate the possible genetic contributions of hyperopic parents. The Parental Refractive Index (PRI) was calculated using similar parameters: each myopic parent was assigned a value of + 0.5, while hyperopic parents received a -0.5 index value. Emmetropic parents were assigned a 0 value. The PRI was determined by simple addition of individual parent indexes. The additive nature of this index assumes equal but opposite inheritance contributions from myopic as opposed to hyperopic relatives. The validity of this assumption is the subject of our analysis.
Familial Refractive Index
The Familial Refractive Index (FRI) was created to estimate the overall genetic composition of the offspring. Myopic relatives were assigned a value of + 1, and hyperopic individuals given a -1 value. These values were then multiplied by the fraction of genes they shared with the child and then totaled. The total was divided by the sum of the genes shared with the child. Genetically related parents, siblings, aunts, uncles, and grandparents were included in the index. A sample computation is given in Table 1 .
Stat&tical analysis
An F-test for Lack of Fit was performed to determine whether a simple linear regression function would be appropriate to explain the relationship between children's refraction and refractive index (Neter, Wasserman & Kutner, 1990) . This test approach involves the comparison of the error sum of squares from full and reduced linear models to obtain a Lack of Fit statistic for each index. A relatively small statistic indicates a strong linear relationship unaffected by other trends in the data. This analysis of variance was carried out independently for each of the three refractive indexes. The full model was specified without assuming a linear relation between childhood refraction and refractive index. This model consisted of a multiple regression, using dummy variables for specific index values as the independent variables: Yi = fl0 + Efl.,Xik + e,., where fl0, fl~, ... flp_~ are regression parameters, X~, ... X,p_~ are independent variables, and e, is the error term. The reduced model assumed a linear relation (regression) between childhood refraction and the refractive index.
The full model for the FRI analysis used only those index values with large numbers of equivalent sphere replications as dummy variables: -l, 0.33, 0.5, and 1. The PRI and PMI analyses used the values 0.5 and 1 as the independent variables in the full model.
A sum of squares error term for each model was obtained from an ANOVA table, while the lack of fit sum of squares was calculated for each index as the difference between the error terms of the full and reduced models. An F-value and P-value were calculated for the three error terms of each index. Statistical significance (P < 0.05) of the reduced model indicates significance of a linear regression in fitting childhood refraction against the refractive index, while significance of the Lack of Fit error term indicates the presence of other, non-linear trends.
RESULTS
The mean age of the distribution in the sample population (n = 237) is 7.6 + 3.1 yr. The histogram (not shown) differs from a normal curve in that there are more younger subjects (< 8 yr) and fewer older subjects ( > 8 yr) than in a normal distribution. A similar pattern exists for the sub-population (n = 155) in which autorefractive data were used to calculate equivalent spheres.
The distribution of equivalent spheres calculated from orthogonal photorefractive data is represented in Fig. 1 ; the mean equivalent sphere is -0.13 ___ 0.44 SD, n = 237. The population shows a disproportionate number of moderately hyperopic children, while moderately myopic subjects are underrepresented. This is in part due to an artifact of orthogonal photorefraction which, due to vignetting of the reflex, assigns a zero refractive error to those subjects who have any error between -0.5 and 0 D relative to the camera (Howland et al., 1983) . The nature of this vignetting can be seen in Fig. 2 . Figure 3 illustrates the distribution of equivalent spheres as measured by the autorefractor. The mean equivalent sphere resulting from these m~asurements is -0.50+0.96 D, n---155. The number of myopes is not deficient in this distribution, since autorefraction does not exhibit the vignetting error of the orthogonal photorefractive method. Note that the two techniques produce slightly different results in the calculation of equivalent sphere: the mean value for the autorefractive method is more negative (myopic) than the orthogonal photorefractive mean. For 151 subjects with both autorefractive and orthogonal data available for comparison, the autorefractive data yielded a mean of -0.92 _ 1.72 D, while the latter data set produced a mean of -0.33+__0.90D; the regression coefficient was 0.51 (P~<0.0001). Table 2A , an ANOVA table, shows results from the Lack of Fit test for the FRI. The regression source was obtained from the full model (multiple regression) analysis, while the linear source was taken from the reduced model (simple linear regression) analysis. The lack of fit sum of squares from "other" sources detects any non-linear trends, and was calculated as the difference between the regression and linear source sum of squares.
The *Linear trend is significant, but less significant than PRI. tOther trends are also significant (P<0.5).
childhood refraction and overall familial refractive state (FRI). This P-value can be found following the linear source in Table 2A . The presence of other non-linear trends, represented under "other" sources, was insignificant (P ~< 0.4752). The graph of the simple regression data from the reduced model is shown in Fig. 4 .
Similar analyses were performed for the PRI and PMI, as shown in Tables 2B and 2C , respectively. The test for linearity between childhood refraction and PRI also illustrates a significant linear trend (P~<0.0058, Table 2B ), although this P-value is less significant than the FRI value in Table 2A . Nonlinear trends are still insignificant in the PRI model (P ~< 0.098), but are more significant relative to the FRI analysis.
The PMI showed the least significant linear relationship between refraction and refractive index (P ~< 0.0154, Table 2C ). The presence of other non-linear trends was significant (P~< 0.033) for this model.
The simple regression data from the reduced models of the PRI and PMI are shown in one regression plot in Fig. 5 . The use of a continuous scale for plotting the correlations was justified by the additive nature of our indexes, even though the data was grouped around discrete variables. Although similar, the slope of the regression line for the PRI is slightly larger than that of the PMI. • 
DISCUSSION
Refractive techniques
The failure of orthogonal photorefraction to detect a significant correlation between parental myopia and the equivalent spheres of offspring is doubtless due in part to the fact that children were asked to focus on the camera (at a distance of 1.5 m), as opposed to a 4 m distant target used with the autorefractor, and in part to the vignetting Family Refractive Index of the photorefractor. Given that the correlation between parental and children's refractions (at least at the age we examined) is evidently not a strong one, it is understandable that the photorefractive technique failed to find a significant correlation. This fact, however, stands as a caution in the interpretation of data from any photorefractive technique in which vignetting may affect the data collection. Zadnik et al. (1994) , using cycloplegia, found a more significant correlation (P~<0.001) between the number of myopic parents and refraction of offspring. This is not surprising in that many hyperopic children will accommodate correctly for a 4 m target when not cyclopleged, and as a result, be recorded as having emmetropic equivalent spheres.
Use of cycloplegia
Refractive indexes
This study attempts to quantify the relationship between genetic inheritance and childhood refraction. The three refractive indexes, although not a perfect estimate of genetic composition, determine which criteria provide a better predictor of children's refractive status. Exclusion of the near infinite population of emmetropic relatives affects the FRI only by decreasing the relative numbers of FRI values close to zero. Neither the full nor reduced models are likely to be affected by this correlation in a significant manner. Inclusion of the known ametropic relatives is simply a way of sampling the near infinite set of all ametropic relatives. Presumably, inclusion of ametropic relatives in the FRI would more accurately reflect the genetic background of the subject.
The index including only myopic parents (PMI) showed a significant linear trend against childhood refraction (P ~< 0.0154). This relationship between parent and offspring myopia has been fully examined in many previous reports (Wold, 1949; Curtin, 1985; Zadnik et al., 1994) . However, this study indicates that non-linear trends are present and not addressed by a simple linear model using PMI. These non-linear trends successively decrease in significance as the indexes become more inclusive.
Concurrently, the significance of a linear relationship between refractive index and childhood refraction increases as the indexes become more comprehensive. The inclusion of hyperopic parents in the PRI and extended relatives in the FRI presumably contributes to the predictive value of the linear model, and suggests an active genetic role of genes for hyperopia in determining offspring refractive error.
In summary, a more accurate estimate of a child's refractive genotype may be obtained from a weighted average of the refractions of all of his or her genetic relatives. Although the exact quantitative contributions of these hereditary refractive components remain unknown, this complete profile of familial refraction (FRI) serves as an appropriate predictive model for childhood refractive error. Any theory which embodies a multigenic inheritance of the ocular components of refraction, e.g. corneal curvature, anterior chamber depth, vitreal chamber depth, lens thickness, etc., would, of course, lead to the conclusion that a hyperopic condition in parents would influence the refraction of offspring.
Age distribution and development of myopia
Given the fact that the age distribution of the subjects on their examination was relatively broad (mean+ 7.6_+ 3.1 yr SD), it is likely that a fraction of the younger subjects who are now emmetropic will become myopic later in life. This, however, does not alter the fact that we were able to detect a significant correlation between children's non-cycloplegic refractions and parental refractive states. Sampling the subjects at a later age would most likely strengthen this correlation.
Conclusions
Three conclusions can be drawn from this study: (1) while orthogonal photorefraction at 1.5 m can be a useful technique for assessing defocus, it was not adequate for purposes of this investigation, due probably to a combination of vignetting and working distance; (2) non-cycloplegic autorefraction using a Canon R1 autorefractor has confirmed the statistically significant relationship between parental myopia and children's refractions; and (3) an accurate prediction of a child's refraction may be obtained by a comprehensive assessment, including hyperopia, of the refractive states of his or her relatives.
